FIG. 3. 2D imaging in the apical 4-chamber view (top) and placement of the sample gate for tissue Doppler imaging at the lateral (left) and septal (right) mitral annulus, respectively, with the corresponding myocardial velocities at each site. Note the lower early diastolic velocities in the septal compared to the lateral segment.
Alternative Echocardiographic Methods to Assess Left Ventricular Diastolic Function

ALAN D. WAGGONER, MHS, RDCS
The standard noninvasive method to assess left ventricular diastolic function has been pulsed Doppler echocardiographic recordings of mitral inflow early diastolic (E) and atrial (A) filling velocities and the ratio of E to A, in combination with isovolumic relaxation and deceleration times. Pulmonary venous inflow velocities (systolic, diastolic, and atrial reversal) are used to assess left atrial and left ventricular end-diastolic pressures. These measurements are influenced by changes in preload, including left ventricular end-diastolic pressure, left atrial or pulmonary capillary wedge pressure, and left ventricular volumes. Newer methods such as tissue Doppler imaging (TDI) of the mitral annulus and color Mmode recording of left ventricular diastolic flow propagation (FP) have now evolved as additional techniques for detecting abnormalities in left ventricular diastolic function that can complement the standard pulsed Doppler echocardiography methods. Both TDI and color M-mode flow FP appear to offer distinct advantages as relatively loadindependent measures of diastolic function. TDI can be used for measurement of regional diastolic myocardial velocities at the mitral annulus, and it is particularly useful in identifying abnormalities of left ventricular diastolic relaxation or estimation of left ventricular filling pressures. Color M-mode FP can be used for quantification of abnormalities of left ventricular relaxation and diastolic filling characteristics of the left ventricle.
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The evaluation of filling characteristics of the left ventricle by the use of pulsed Doppler echocardiography for obtaining mitral and pulmonary venous flow velocities is well established. 1 Tissue Doppler imaging (TDI) is a relatively new echocardiographic method used for quantification of myocardial velocities to assess global and regional diastolic left ventricular function. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] A unique applica-tion of TDI is the identification of abnormal left ventricular relaxation and estimation of left atrial pressures in a variety of clinical conditions. Color Mmode flow propagation (FP) is used to determine abnormalities in diastolic left ventricular filling. 12 This article will discuss the instrumentation, technique, and applications of TDI and color M-mode FP to provide a better understanding of the clinical utility of this technology for the evaluation of left ventricular diastolic function.
Instrumentation and Technique of TDI
Pulsed tissue Doppler recordings of myocardial velocities will require modifications in signal processing of the returned Doppler signals. High-pass wall filters, which are used to eliminate the low-velocity and highamplitude signals of myocardial walls for display of blood flow velocities in conventional Doppler/color flow modalities, are bypassed for TDI. 2 Low-pass wall filters are incorporated to eliminate the blood flow signals within the cardiac chambers and to enhance lowvelocity myocardial signals. 3 This usually necessitates that the spectral Doppler gain settings be reduced to optimally record the low-velocity, high-intensity sig-nals from the myocardial walls ( Fig. 1 ). Because myocardial velocities are low (< 25 cm/s), the velocity scale must also be adjusted for proper display and to obtain accurate measurements. Recently manufactured ultrasound systems have preset controls for TDI for proper acquisition and display of myocardial velocities. However, the sonographer can usually obtain TDI on most systems by decreasing the Doppler signal gain and wall filters and lowering the velocity scale to a range from -20 to +30 cm/s. The monitor sweep speed should be set at 100 mm/s to optimize the spectral display of the myocardial velocities.
Pulsed TDI provides excellent temporal resolution to quantitate peak myocardial velocities. It does not require offline analysis and provides instantaneous display of the Doppler spectral information. A small sample volume is used (2 to 5 mm axial length) to allow for accurate placement in the myocardium within the boundaries of the endocardium and epicardium. This sample volume can be placed at any site within the 2D image in either parasternal or apical windows. TDI provides regional quantification of myocardial velocities at selected sites, but the measurements cannot be localized to the endocardial or epicardial layers, which represents a limitation of pulsed TDI. been shown with 2D color TDI that the left ventricular myocardial velocities are higher in the endocardium compared to the epicardium. 4, 5 Pulsed TDI can be performed in parasternal long-or short-axis views to provide assessment of the anteroseptal or posterior left ventricular wall velocities, as shown in Figure 2 . If parasternal views are used, it should be realized that the myocardial fiber orientation in the anteroseptal and posterior myocardial regions is actually perpendicular to TDI sampling. The quantification of myocardial velocities at either of these sites may be influenced by excessive motion of the heart anteriorly in the chest and cardiac translation.
TDI has been more often employed in the apical views (4 chamber, 2 chamber, or apical long axis) to assess left ventricular long-axis shortening and lengthening. Myocardial fiber orientation is parallel to pulsed Doppler sampling of velocities. Typically, the sample gate is positioned at the base of the left ventricle, adjacent to the mitral annulus, for assessment of regional systolic and diastolic myocardial velocities in the lateral, septal, anterior, and inferior wall segments, as shown in Figures 3 and 4 . [6] [7] [8] Measurements of myocardial velocities can be also obtained in the mid and apical regions of the left ventricle, but sometimes it is difficult to obtain adequate TDI signals. 9, 10 Pulsed TDI may be influenced by cardiac translation but occurs to a lesser extent using apical imaging windows.
Measurements of Tissue Doppler Spectral Velocities
The myocardial velocities recorded with TDI have 3 main components and include systolic, early diastolic, and late systolic waveforms ( Fig. 5 ). The direction of velocity display depends on location of the pulsed Doppler sample volume relative to the myocardial site (e.g., parasternal vs. apical). Systolic myocardial velocities often have 2 components that represent the early isovolumic contraction phase and the systolic ejection phase. The diastolic components are similar in appearance and timing to mitral inflow velocities using conventional pulsed Doppler. These include an early diastolic myocardial velocity (Em) and a late diastolic myocardial velocity (Am) at the time of atrial contraction. Both Em and Am are present except in cases with atrial fibrillation or tachycardia, where Am will not be evident. Typical TDI measurements during diastole include the Em and Am velocities and the ratio of Em to Am. The normal values are shown in Table 1 . tolic velocity to onset of Em) can be also measured and may have potential application for regional function.
Origin of Myocardial Velocities Recorded With TDI
TDI myocardial velocities are related to the myocardial architecture and fiber orientation. The myocardial architecture has been described as a syncytium of myocardial fibers that are interconnected. 13 During systole, epicardial fibers twist in a clockwise helical orientation from the base to the apex, whereas the endocardial fibers twist in a counterclockwise manner. The apex remains relatively stationary and has a very thin myocardial fiber layer. Myocardial fibers in the subendocardial and epicardial layers are longitudinally oriented.
14 Early during systole, tension develops first in these longitudinal fibers during the initial phase of ventricular activation. Thus, long-axis contraction occurs before minor-axis contraction from midmyocardial, circumferentially oriented fibers. 15 Early diastolic relaxation of the myocardium is more prominent in the circumferential fibers compared to longitudinal fibers and is thought to be due to stored tension that is released in the early diastolic isovolumic period. Greenbaum et al. 16 found that myocardial fibers are more circumferentially oriented closer to the base of the heart and that the coupling of these fibers is most complex in the basal region of the ventricles, particularly, the septum. Recent work has disclosed that in normal adults, age and myocardial fibrosis will impact the long-axis shortening and result in nonuniformity of left ventricular diastolic relaxation. [17] [18] [19] In addition, increased end-systolic volume may have an adverse effect on relaxation via alterations in elastic recoil. 20 This complexity of myocardial fiber architecture and fiber orientation, relative to the long-and shortaxis left ventricular contraction and relaxation, as well as physiologic factors, is an important component that influences TDI-measured myocardial velocities. For example, measurements of myocardial velocities from the apical views reflect the longitudinal shortening and relaxation of the left ventricle, whereas in the parasternal views, TDI velocities correspond to minor-axis shortening and relaxation. As previously mentioned, pulsed TDI does not distinguish midwall (circumferential) from longitudinal fiber mechanics because of the sample volume size. Color TDI will better identify regional differences in endocardial and epicardial myocardial velocities, but it has not been widely applicable due to limitations in temporal resolution and requires offline analysis.
Clinical Applications of TDI for Left Ventricular Diastolic Function
An extensive work describing the application of pulsed TDI for assessment of ventricular diastolic function, with comparisons with standard pulsed-wave Doppler mitral flow indices, was recently published by Garcia et al. 11 Isaaz et al. 21 first reported on the use of pulsed TDI in the parasternal long-axis view and, later, the apical 4-chamber view 22 to assess diastolic myocardial velocities. Subsequent studies have reported that there is regional variation in left ventricular diastolic myocardial velocities. [8] [9] [10] 23 The early diastolic myocardial velocity (Em) is higher in lateral, inferior and posterior annular segments than the anterior and septal annular segments. Normal values at any site are > 9 cm/s. Values of Em are higher at the annulus than in the mid-left ventricular segments. Late diastolic (Am) myocardial velocities are more uniform throughout the left ventricle but are also slightly lower in the mid left ventricle compared to the basal left ventricular segments. Am is thought to be influenced mainly by left atrial function. 24, 25 As commonly observed with pulsed Doppler mitral inflow velocities, there is an inverse relationship between patient age and the early diastolic myocardial (Em) velocity. 6, 19, 20, 26, 27 Em is best applicable to identify patients with impaired left ventricular relaxation. Rodriguez et al. 6 reported that the Em was lower in the patients with left ventricular hypertrophy compared to normal controls, despite the lack of differences in conventional Doppler mitral inflow indices, including the E wave velocity, or E/A ratio. The onset of Em was delayed relative to mitral valve opening in most patients. 6, 28 Nasser et al. 29 recently reported their findings in patients with hypertension and also found that Em was reduced in those both with and without left ventricular hypertrophy. Patients with hypertrophic cardiomyopathy also exhibit reduced myocardial Em velocities despite similar Doppler mitral inflow E wave velocities compared to normals. 30 Restrictive cardiomyopathy is often associated with impaired left ventricular relaxation. Garcia et al. 31 found that TDI was superior to pulsed Doppler for separating patients with restrictive cardiomyopathy from those with constrictive pericardial disease who have normal or increased relaxation, based on the reduction in the myocardial Em. Therefore, pulsed TDI appears to provide a better method to identify patients with impaired left ventricular relaxation compared to mitral inflow velocity flow patterns.
The pulsed Doppler mitral inflow pattern of reduced E/A and prolonged deceleration time, consistent with impaired left ventricular relaxation, can be seen in Figure 6 . However, pulsed Doppler mitral inflow velocity profiles may show a "restrictive filling" pattern with an increased E/A ratio and shortened deceleration times, as shown in Figure 7 , or become "pseudonormalized" (normal E/A and deceleration time), as shown in Figure 8 , due to elevations in left atrial pressure that increase the E wave velocity, despite the presence of an underlying abnormality in left ventricular relaxation. The sonographer should remember that the pulsed Doppler mitral inflow reflects global left ventricular diastolic filling and is influenced by left atrial pressure.
Studies during cardiac catheterization have confirmed that the TDI-measured Em is a sensitive indicator of left ventricular relaxation and is relatively load independent. Oki et al. 32 noted that the Em correlated inversely with the fall in left ventricular pressure during early diastole (peak negative dP/dt) and the time constant of left ventricular relaxation (tau), which are well-established, load-independent measures of early diastolic left ventricular function. Ohte et al. 20 evaluated 50 patients with coronary artery disease and 8 normal patients without coronary disease with TDI of the inferior-posterior left ventricular wall at the mitral annulus. TDI measurements were compared to left ventricular volumes obtained with angiography and left ventricular pressures obtained by catheter-tip micromanometry. Em correlated inversely with peak (-) dP/ dt and left ventricular end-systolic volumes. Additional studies by Sohn et al. 27, 33 confirmed that Em was related to left ventricular relaxation and elastic recoil and was an accurate measure of abnormal left ventricular diastolic function, even in the presence of atrial fibrillation.
Mitral inflow velocities are influenced by alterations in preload, left atrial pressure, and left ventricular compliance. 11 The effect of changes in preload on TDI-measured myocardial diastolic velocities have been investigated in several studies. Nagueh et al. 34 reported that although the mitral Doppler E wave veloc- ity was altered by changes in preload or pulmonary capillary wedge pressures, the Em at the lateral left ventricular base did not significantly change, and effects of altered preload could be corrected by the ratio of mitral E/Em. Sohn et al. 27 later confirmed that reductions or increases in preload did not influence the myocardial Em. However, Agmon et al. 35 reported that in 20 patients, prior to and following hemodialysis, there was a reduction in myocardial Em at the septal and lateral left ventricular base compared to baseline in patients, but the reduction was of lesser magnitude than decreases observed in mitral E wave velocities. Therefore, marked preload reduction can influence left ventricular relaxation, but other factors such as elastic recoil or altered left ventricular systolic function likely also have a role. These investigations confirm that Em is relatively independent of loading and better than conventional mitral Doppler indices for assessing left ventricular relaxation. 27, 36 Chronic increases in preload, such as occur in left ventricular volume overload from aortic or mitral regurgitation, lower Em in patients with aortic compared to mitral regurgitation due to differences in left ventricular size. 37 Patients with ischemic heart disease often have abnormal left ventricular diastolic function, and several studies have demonstrated that Em is often reduced, the Em/Am ratio is < 1, and regional myocardial relaxation times are prolonged in patients with left ventricu-lar segmental dysfunction due to coronary artery disease. 38, 39 Garcia-Fernandez et al. 40 reported reductions in the Em and Em/Am ratios in a subset of patients with significant coronary artery disease (CAD) but who had normal segmental left ventricular function. Ohte et al. 41 found that in older patients (mean age = 60 years), all of whom had coronary arteriography to detect CAD and pulsed Doppler mitral E/A ratio < 1, the TDI-measured Em was lower in patients with significant coronary artery obstruction than in patients with chest pain but no CAD. Em provided better separation of patients with CAD and prolonged left ventricular relaxation (measured invasively as tau) compared to patients without CAD. However, the end-systolic volume index was greater and ejection fraction lower in CAD patients versus those without CAD, suggesting that alterations in left ventricular volume and systolic function could have influenced Em values. Impaired left ventricular systolic function and abnormal left ventricular diastolic relaxation (e.g., decreased Em) have also been described in patients with idiopathic dilated cardiomyopathy and normal coronary arteries. 42 Waggoner et al. 43 reported that TDI in patients with left ventricular systolic dysfunction, due to either ischemic or nonischemic etiologies, provided better identification of impaired left ventricular relaxation compared to pulsed Doppler mitral inflow velocities. 
TDI for Measurement of Pulmonary Capillary Wedge Pressure
The TDI-measured Em, corrected by the mitral E wave velocity (E/Em), can also be used to estimate pulmonary capillary wedge (PCW) pressure. Nagueh et al. 34 first reported that this ratio, when applied to a regression equation [1.24 (E/Em + 1.9)], provided accurate estimation of pulmonary capillary wedge pressure. The ratio of mitral E/Em can also be applicable in patients with sinus tachycardia (when pulsed Doppler mitral E and A wave velocities are fused) or in patients post-cardiac transplantation to estimate PCW pressure. 44, 45 Ommen et al. 46 used simultaneous TDI and measurements of left ventricular pressure in 100 consecutive patients referred for cardiac catheterization. The ratio of E/Em < 8 accurately predicted a normal mean left ventricular diastolic pressure, but if > 15 usually indicated elevated mean left ventricular diastolic pressure. Mean left ventricular diastolic pressure at catheterization was measured from mitral valve opening to closure to better reflect mean left atrial pressure rather than PCW pressure. These studies therefore suggest that TDI measurements of Em combined with mitral inflow greatly improved the accuracy of noninvasive estimation of PCW pressure.
Instrumentation and Technique of Color M-Mode FP
Color M-mode recordings of diastolic FP into the left ventricle are obtained in the apical views. The color sector is placed within the left ventricular cavity, and an M-mode cursor is aligned parallel to the red/ yellow diastolic inflow velocities, as shown in Figure 9 . The color velocity scale may need to be decreased to better characterize the diastolic left ventricular inflow color signals. Color M-mode velocities are displayed from the mitral leaflets, in the far field, to the apical region, or in the near field. The monitor display should be set at a recording speed of 100 mm/s. Two compo-nents are recorded that represent early diastolic and late diastolic filling velocities within the left ventricle (see Fig. 10 ). Both are present unless there is atrial fibrillation or tachycardia, when atrial contribution is absent, and are similar to observations with pulsed Doppler mitral inflow velocities. 
Measurement of Color M-Mode FP Velocities
Color M-mode FP is measured as a time interval and expressed in centimeters per second (distance/ time). The slope represents the onset of the color velocities at the mitral leaflet tips to a distance of at least 4 cm into the left ventricular cavity during early diastole, as shown in Figure 11 . It should be emphasized that the measurement should not include FP velocities that occur prior to mitral valve opening. There are 2 methods to measure FP velocities and can include the slope at the margin of the inflow signals 11 or through the central profile. 12 The method most often advocated uses the outer margin, although in most instances the values are similar. Normal color FP velocities are > 55 cm/s. 11 
Origin of Color M-Mode FP Velocities
FP into the left ventricular chamber begins after mitral valve opening, when the pressure in the left atrium is high relative to the low diastolic pressure in the left ventricle at early diastole. The left atrial/left ventricular pressure difference results in recoil of the mitral annulus with "suction" of blood volume into the left ventricle. This early diastolic interventricular gradient is highest at the mitral valve leaflet tips but is lower within the left ventricular cavity and at the apex for optimal left ventricular filling. There are several clinical conditions that alter this interventricular gradient during the diastolic filling period, including myocardial ischemia, left ventricular hypertrophy, and increased chamber volumes. As a result, ventricular inflow be- comes abnormal with lower FP velocities due to nonuniformity of myocardial relaxation. 11 There is a poor correlation between the mitral E wave velocity, recorded at the leaflet tips with pulsed Doppler echocardiography, and the color M-mode FP velocity. 11 This is not surprising, since the mitral E wave velocity reflects the instantaneous left atrial/left ventricular pressure difference that is highest at the mitral leaflets but does not reflect the differences in the interventricular gradients that are present within the left ventricular cavity during diastole.
Clinical Applications of Color M-Mode FP Velocities
Color flow imaging and pulsed Doppler spectral velocity mapping at various sites of left ventricular diastolic inflow were first reported by Jacobs et al. 47 in patients with dilated cardiomyopathy. A reduction in pulsed Doppler E wave diastolic velocities was observed within the left ventricular cavity compared to the leaflet tips and was lowest at the apex. In some instances, color flow propagation of diastolic (red) inflow velocities could be observed to extend into the apex during systole in these patients (see Fig. 12 ). During acute myocardial ischemia, Stugaard et al. 48 noted color M-mode FP velocities reduced in both an animal model and in humans during transluminal coronary angioplasty, which is consistent with impaired left ventricular relaxation. An abnormal response in FP velocities can be observed in patients with positive stress echocardiograms and new regional wall motion abnormalities, despite no significant change in global ejection fraction at peak stress. 49 Seminal work by Takatsuji et al. 12 reported that color M-mode FP velocities inversely correlated with load-independent measures of left ventricular diastolic function, including tau, the rate of left ventricular pressure decline during early diastole (-dP/dt), and minimal left ventricular pressure in 88 patients during cardiac catheterization. 12 The authors concluded that FP reflects left ventricular relaxation properties and is superior to mitral inflow velocity recordings of the E/A ratio, isovolumic relaxation, and deceleration time intervals. Recent work by investigators from the Cleveland Clinic 50-52 has further extended the use of color M-mode FP to estimate left atrial or PCW pressure by combining the mitral inflow E wave velocity/propagation velocity (Vp) in normals and patients admitted to an intensive care unit. An E/ Vp ratio > 2 likely indicates elevated left ventricular diastolic filling pressures. Recent work with regard to the impact of left ventricular systolic function or left ventricular size on color M-mode FP disclosed that reductions in left ventricular ejection fraction or increased end-systolic volumes will influence the accuracy of propagation velocities to determine abnormalities in left ventricular relaxation. 53 
Conclusions
TDI and color M-mode FP can be a useful addition to standard echocardiographic imaging techniques to assess left ventricular diastolic function. These methods identify patients with abnormal left ventricular relaxation and estimate left atrial pressure with better overall accuracy than pulsed Doppler mitral inflow velocities alone. Patient age can influence TDI diastolic myocardial velocities due to myocyte integrity, fibrosis, and beta adrenergic receptor density, as recently shown by Shan et al., 54 but the effect of aging on color M-mode FP requires further investigation. Additional areas of future research might include comparison with other imaging modalities such as cardiac magnetic resonance imaging, 55 of conduction disturbances (bundle branch block). Finally, the use of TDI or color M-mode FP with regard to changes due to pharmacologic therapy and whether these methods impact patient management need further evaluation.
